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Background: Postpartum dysgalactia syndrome (PDS) is associated with a significantly higher activation of the
inflammatory and stress response at parturition than in the healthy sow. Therefore, reliable and possibly non-invasive
biomarkers for substantial increases of inflammation are searched to support the PDS diagnosis. This report studies
the possible changes of the inflammatory marker enzyme adenosine deaminase (ADA) in serum and saliva of 38 PDS
positive sows (PDS+) and 38 healthy sows (PDS-). Sampling was performed every 24 h from 60 h before to 36 h after
parturition. Isoenzyme 1 (ADAT1) and isoenzyme 2 (ADA2), as well as total ADA (tADA), were measured and their statis-
tical association with several serum and saliva biomarkers of inflammation and stress was investigated.

Results: Compared to a baseline (60 to 36h prepartum), salivary activities of ADAT, ADA2 and tADA increased
significantly over time in both PDS+ and PDS- sows, reaching their peaks after parturition. In serum from PDS- sows,
no changes were observed over time in either ADAT, ADA2 or tADA. In PDS+ sows, serum ADA2 activity decreased
temporarily after parturition followed by a significant increase compared to baseline. ADA1, ADA2 and tADA were all
significantly associated with several inflammatory biomarkers and ADAT in serum was associated with serum corti-
sol. Although serum activity was higher in PDS+ than in PDS- sows, the differences were not statistically significant.
Further, no difference was noted between the groups in the analyses of saliva.

Conclusions: Salivary ADAT and ADA2 increased in all sows after parturition, potentially as a response to the post-
partum inflammation. However, no difference in the activity of ADA1, ADA2 and tADA were found between PDS+
and PDS- sows indicating inability to diagnose PDS under the conditions described in this report.

Background

Adenosine deaminase (ADA, EC number 3.5.4.4) is
an enzyme present in most organic tissues, especially
those of lymphoid origin [1]. Two isoenzymes have

*Correspondence: maka@anis.au.dk

! Department of Animal Science, Aarhus University, Blichers Allé 20,
8830 Tjele, Denmark

Full list of author information is available at the end of the article

B BMC

been described, of which isoenzyme 1 (ADA1) is the
predominant form in lymphoid tissues. ADA1 mediates
B and T cell differentiation [2] and macrophage matu-
ration [3, 4]. Although isoenzyme 2 (ADA2) function
is poorly understood, it seems to be involved in reac-
tions by the haematopoietic system [5, 6] and regula-
tion of the immune system, since lack of ADA2 can lead
to immunosuppression and autoimmune conditions
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[7, 8]. Increased ADA activity has been proposed as a
biomarker of cell-mediated immunity, and its increase
in serum can be considered a marker of inflammation
[9]. In humans, increased ADA activity has been found
in several inflammatory disorders such as tuberculo-
sis [10], visceral leishmaniasis [11], celiac disease [12],
ulcerative colitis [13], typhoid fever [14], and malignan-
cies [15-17].

Saliva is commonly used in studies on stress in humans
and animals since its collection causes a minimum of
disturbance [18]. However, saliva can also be used to
measure biomarkers for systemic alterations such as
inflammation [19]. Increased ADA activity has been
found in saliva in humans with oral malignancies [20]
and Sjogren’s syndrome [21]. Salivary ADA increased
in bitches with pyometra and in pigs with lameness,
whereas no increase was found in sera from the same ani-
mals [22]. ADA activity was more than 100-fold higher
in pig saliva than in serum. In addition, since a correla-
tion between salivary ADA and serum ADA seems to be
absent, it is possible that ADA, sampled from the oral
cavity, could provide information that differ from that
of ADA from serum [23]. Thus, ADA in saliva may be
expected to be a useful marker of inflammation in pigs.

The postpartum dysgalactia syndrome (PDS) is a com-
mon disorder in sows, appearing within the first 72h
after parturition [24], that consists of a decrease in milk
production. The pathogenesis of PDS is insufficiently elu-
cidated, as lined out by Martineau et al. [25]. Yet, activa-
tion of the stress systems (sympathetic adrenomedullary
and hypothalamic adrenocortical axes), oxidative stress,
metabolic changes due to low energy intake, and inflam-
mation have been suggested to be involved in the PDS
pathogenesis [26—28]. Although some clinical situations
could lead to a decreased milk production, such as mas-
titis or metritis [29], many cases are sub-clinical and dif-
ficult to detect and therefore only discovered once piglets
start to lose weight. Thus, increased piglet mortality has
been reported in litters from PDS affected sows [30, 31].

In a recent report, Contreras-Aguilar et al. [32] dem-
onstrated increased salivary ADA activity in sows after
farrowing and suggested a possible relationship between
the increased activity and peripartum inflammation and
tissue damage. To the authors’ knowledge, ADA has not
yet been studied in sows with PDS. The objective of the
present study was therefore to evaluate the relationship
between ADA and inflammation in sows after farrowing,
as well as its potential as a biomarker for sows suffering
from PDS. For this purpose, activities of the ADA1 and
ADA2 isoenzymes and of total ADA (tADA) in saliva and
serum obtained throughout the periparturient period
of 38 PDS affected (PDS+) and 38 healthy (PDS-) sows,
were analyzed. In addition, the association between the
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levels of ADA and other inflammatory and stress markers
was evaluated.

Results

Saliva

The results obtained in saliva are given in Table 1 along
with all p-values. In the healthy sows, ADA1 and tADA
increased significantly in the period D (—12 to Oh) with
the highest values obtained in the periods E (0 to 12h)
and F (12 to 24h), respectively. ADA2 increased sig-
nificantly from baseline and peaked in period E. In the
PDS+ group, ADA1, ADA2 and tADA were signifi-
cantly increased in period E (0 to 12h) as compared to
the baseline values, and the highest value was obtained in
period F (12 to 24h). There were no interaction between
time and groups, and likewise no significant differ-
ences in ADA activities between PDS+ and PDS- sows
(Papa1=0.1185, prpay =0.3541 and p,ypp =0.0718).

Serum

The results of the serum analyses are shown in Table 2.
In the PDS+ sows, serum ADA?2 activity was significantly
decreased in period E (0 to 12h), followed by a significant
increase in the periods F (12 to 24h) and G (24 to 36h).
In contrast, there were no significant changes over time
in serum ADA1 and tADA activity when compared to
baseline A (—60 to —36h). No changes were observed in
either ADA1, ADA2 or tADA throughout the study in the
PDS- sows (all p-values are given in Table 2). No inter-
action was found between time and groups and, despite
a strong trend for ADA2 (p=0.0514), no significant dif-
ference was seen between the PDS+ and the PDS- sows
(Papa1 =0.0715 and ppp =0.2417).

Associations between ADA1, ADA2, tADA
and concentrations of inflammatory markers in saliva
and serum
Salivary ADA1, ADA2 and tADA were negatively associ-
ated with white blood cell counts (WBC) and with neu-
trophil and lymphocyte counts in plasma, and ADA1
and tADA were also negatively associated with iron (Fe)
in serum. Salivary ADA1, ADA2 and tADA were posi-
tively associated with tumour necrosis factor o (TNF-a),
interleukin 6 (IL-6), serum amyloid A (SAA), C-reactive
protein (CRP), haptoglobin (Hp), albumin (ALB), serum
cortisol, salivary cortisol, chromogranin A (CgA) and
rectal temperature. No associations were found between
any of the isotypes of ADA and 8-epi prostaglandin F2
Alpha (8-epi-PGF2 «a) or heart rate (Table 3; p-values are
given in the table).

In serum, ADA1 activity was positively associated with
serum cortisol. ADA2 were negatively associated with
WBC, neutrophil and lymphocyte counts, and positively
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Table 1 Mean adenosine deaminase 1 (ADA1), adenosine deaminase 2 (ADA2) and total adenosine deaminase (tADA) activities (IU/L)
in saliva from 38 sows with postpartum dysgalactia syndrome (PDS+) and 38 healthy sows (PDS-) in the periparturient period. Values
for period B to G are compared to baseline (period A), where Oh is the birth time of the first piglet and significant differences are

indicated by the p -values

Parameter Time period PDS+ (n=38) PDS- (n=38)
Estimate Confidence interval P-value Estimate Confidence interval P-value
IU/L Lower Upper IU/L Lower Upper
Salivary ADA1 A.(—60to —36h) 504.90 295.61 862.35 42363 248.06 72349
B.(—36to —24h) 47931 301.33 76243 ns 617.09 384.23 991.08 ns
C.(—24t0 —12h) 1127.52 593.30 2142.79 ns 547.30 26643 112427 ns
D.(—12to0h) 704.24 446.64 111043 ns 1017.66 633.24 1635.44 < 0.05
E.(Oto12h) 249348 1054.12 5898.23 < 0.01 1936.70 867.93 4321.58 < 0.01
F.(12to24h) 4679.74 2741.66 7987.84 < 0.0001 1820.54 1095.38 3025.79 < 0.001
G. (24 to 36h) 3826.27 1036.87 14,119.82 < 0.01 1615.90 520.80 5013.75 < 0.05
Salivary ADA2 A.(—60to —36h) 582 3.71 9.14 5.26 335 8.24
B.(—36to —24h) 6.62 443 9.88 ns 7.08 4.75 10.57 ns
C.(—24to—12h) 1240 7.19 21.39 ns 9.56 520 17.57 ns
D.(—12to0h) 9.75 6.63 14.35 ns 853 571 12.75 ns
E.(0Oto12h) 29.30 14.23 60.32 < 0.001 36.39 18.52 7151 < 0.0001
F.(12to24h) 53.15 33.90 8335 < 0.0001 21.80 14.20 3347 < 0.0001
G. (2410 36h) 38.14 12.83 11341 < 001 3358 13.02 86.61 < 0.001
Salivary tADA A. (—60to —36h) 530.17 319.18 880.61 450.74 271.62 748.01
B.(—36to —24h) 49549 31534 77855 ns 626.63 398.88 984.43 ns
C.(—24to—12h) 115349 617.20 2155.76 ns 569.94 282.82 1148.56 ns
D.(—12to0h) 72282 463.94 1126.17 ns 940.76 603.86 1465.62 < 0.05
E.(Oto12h) 2567.35 1111.60 5929.58 < 0.01 1698.14 808.28 3529.96 < 0.01
F.(12to 24h) 4875.36 293735 8092.02 < 0.0001 1838.77 1121.65 3014.39 < 0.0001
G. (24 to 36h) 3863.69 1086.45 13,740.26 < 0.01 162342 540.32 4877.66 < 0.05

associated with TNF-q, IL-6, SAA, CRP, Hp, serum cor-
tisol and rectal temperature. Activity of tADA was nega-
tively associated with WBC, neutrophil and lymphocyte
counts, and positively associated with TNF-a, SAA,
serum cortisol and rectal temperature (Table 3; p-values
are given in the table).

Discussion

The occurrence inflammatory response during the par-
turition process has previously been described for sows
[33, 34], mares [35], cows [36] and humans [37]. In
sows, this inflammation is activated from 12h antepar-
tum and peaked 12 to 36 h postpartum, probably due to
cytokine release as a consequence of tissue trauma to
the birth canal [26]. In addition, cytokines, chemokines
and immunomodulatory proteins are synthesized in the
placenta and gestational membranes. The patterns of
expression of those cytokines suggest that inflammatory
activation occurs modestly with term labor, but much
more when disturbances such as preterm delivery or
intrauterine infection occur [38]. Studying such inflam-
mation in healthy sows is important in order to detect

inflammation due to periparturient diseases, and bio-
markers could be of great benefit for this purpose, as it
has been described for WBC, neutrophil and lymphocyte
counts, and concentrations of TNF-a, IL-6, Hp and Fe,
for detecting PDS+ sows [26]. The possible association of
serum and salivary ADA with periparturient inflamma-
tion, as well as its usefulness for detecting periparturient
diseases such as PDS, has still not been studied.

Due to the significant changes observed in ADAI,
ADA2 and tADA activities throughout the periparturi-
ent period in both the PDS+ and the PDS- sows, salivary
ADA seems to reflect inflammatory response at peripar-
tum, as previously described [32]. Although values of
salivary ADA were higher in the PDS+ than in the PDS-
sows, the differences were not statistically significant.
This may be due to the high inter-individual variability
observed in the animals. Therefore, ADA in our clinical
setting was of lower value in the differentiation between
PDS+ and PDS- sows as compared to other inflamma-
tory markers, that previously demonstrated their abil-
ity to differentiate between these sows [26, 28]. Ideally,
ADA should have been measured in a period beyond 36 h
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Table 2 Mean adenosine deaminase 1 (ADA1), adenosine deaminase 2 (ADA2) and total adenosine deaminase (tADA) activities (IU/
ml) in serum from 38 sows with postpartum dysgalactia syndrome (PDS+) and 38 healthy sows (PDS-) in the periparturient period.
Values for period B to G are compared to baseline (period A), where Oh is the time of birth of the first piglet

Parameter Time period PDS+ (n=38) PDS- (n=38)
Estimate Confidence interval P-value Estimate Confidence interval P-value
1U/ml Lower Upper 1U/ml Lower Upper
Serum ADA1 A. (=60 to —36h) 240 1.98 292 2.26 1.87 2.71
B.(—36to —24h) 2.20 1.87 257 ns 2.07 1.74 245 ns
C.(=24to—12h) 254 1.90 338 ns 233 1.76 3.10 ns
D.(—12to0h) 215 1.83 252 ns 2.50 212 294 ns
E.(0Oto12h) 249 1.87 332 ns 3.20 233 441 ns
F.(12to24h) 249 2.08 298 ns 224 1.89 2.66 ns
G. (24 to 36h) 2.76 1.94 392 ns 215 148 3.14 ns
Serum ADA2? A. (=60 to —36h) 3.28 2.89 371 3.06 272 346
B.(—36to —24h) 3.38 3.04 3.75 ns 3.02 2.70 3.37 ns
C.(=24t0—12h) 352 293 422 ns 3.06 2.56 3.66 ns
D.(=12to0h) 334 3.00 3.72 ns 3.08 277 343 ns
E.(0Oto12h) 2.79 232 334 < 0.0001 2.86 235 3.49 ns
F.(12to 24h) 3.68 327 4.14 < 0.0001 2.81 2.51 3.14 ns
G. (24 to 36h) 340 273 4.25 < 0.001 3.08 244 3.89 ns
Serum tADA A.(—=60to —36h) 583 5.20 6.54 547 490 6.11
B.(—36to —24h) 5.68 5.16 6.25 ns 525 4.74 5.81 ns
C.(—24to—12h) 6.14 5.19 727 ns 538 4.56 6.35 ns
D.(=12to0h) 558 5.07 6.15 ns 5.65 511 6.24 ns
E.(Oto12h) 559 4.73 6.62 ns 6.15 512 7.38 ns
F.(12to 24h) 6.27 562 6.98 ns 524 4.73 5.80 ns
G.(24to 36h) 6.01 490 7.38 ns 557 449 6.92 ns

2 No significant interaction between time and case-control was found for ADA2 in serum. However, an overall strong trend for differences between PDS+ and PDS-

(p=0.0514) was estimated using the statistic model B (OUTCOME PARAMETERij = p +TIMEi + GROUPj + ¢)

post-partum, especially since salivary ADA was still ele-
vated after that time. Unfortunately, this was not possi-
ble as PDS sows were diagnosed as early as 6 to 6-26.9h
after birth of the first piglet and had to be excluded from
the study at this time due to medical treatment.

Although serum ADA?2 showed a strong trend to differ
between PDS+ and PDS- sows, statistically this marker
appears unsuitable for the use in the diagnosis of PDS.
The relation between serum ADA and inflammation is,
however, not entirely clear, as although Favero et al. [36]
demonstrated increased ADA activities in cows at the
end of pregnancy and after calving, other reports were
not able to demonstrate any increase in serum ADA dur-
ing inflammatory conditions [22, 23]. Increased serum
ADA activity at the end of gestation and in the peripartu-
rient period may be explained by two mechanisms. One
is the synthesis by the placenta, since ADA is produced
in the placenta and serum levels have shown to increase
during pregnancy in humans [39, 40]. Another explana-
tion could be inflammation-related synthesis of ADA, as
suggested by our results.

The significant associations between salivary ADAI,
ADA2 and other inflammatory markers corroborate that
these isoenzymes are indeed markers of inflammation in
sows. This is in agreement with previous studies show-
ing an increased salivary ADA activity in pigs undergoing
inflammatory processes [22, 23]. The role of the adeno-
sine pathway in the inflammatory process has been fully
explored in humans in several diseases such as asthma,
arthritis, sepsis [41], colitis [42] or spinal cord injury [43].
TNF-a and other pro-inflammatory cytokines increase
the adenosine A,, receptor which activation down-
regulates inflammation [44] reducing pro-inflammatory
cytokines and neutrophil functions [45, 46]. In contrast,
serum ADA1, ADA2 and tADA appears to be less suit-
able markers of inflammation in sows.

Conclusions

Salivary activity of ADA1 and ADA?2 increased in sows
after parturition and the activities were associated with
the concentrations of several inflammatory markers. This
supports the role of ADA as a marker of inflammation,
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but activities of ADA1, ADA2 and tADA did not signifi-
cantly differ between PDS+ sows and PDS- sows. Further
investigations are needed on the cause of the increased
enzyme activity during the periparturient period, on the
significance of ADA as an inflammatory marker, and its
excretion from placenta.

Methods

Experimental design

This study was performed by using saliva and sera sam-
ples from a previous study in which sows were sampled
in a Danish Specific Pathogen-Free sow farm [26, 27,
47]. The sows were of the Danish cross-breed (Landrace/
Yorkshire). From 1week before parturition until 3weeks
after parturition, the sows were housed in confined crates
with partly slatted floors (2/3 solid concrete and 1/3 iron
bars) measuring 1.6 x 2.6 m? Liquid feed was fed 4 times
a day and straw was assigned according to the Danish
law of animal welfare. All sows were sampled every 24h
from 60h before parturition was expected and until PDS
occurred. This happened to occur within 36h after par-
turition of the first piglet, and for ethical reasons, those
PDS+ sows were medically treated with systemic antibi-
otics and anti-inflammatories and withdrawn from the
study. Sows that farrowed prematurely or were treated
for other reasons than PDS were also excluded.

Before each morning feeding, saliva was sampled by
additive-free cotton swabs (Salivette® Cortisol, Hounis-
sen, Denmark), immediately centrifuged for 5min at
1000x g, and stored at -80°C until analysis for CgA and
cortisol as previously described [26]. After the morning
feeding, each sow underwent a thorough clinical exami-
nation that included measurements of the body temper-
ature and the heart rate. Thereafter, blood was sampled
from v. jugularis using tubes with the addition of EDTA
(BD, New Jersey, US) for the analyses of total WBC,
lymphocyte and neutrophil counts, and additive-free
tubes (BD, New Jersey, US) were centrifuged at 3000xg
for 10min. and used in the analyses of serum cortisol,
Fe, ALB, IL-1, IL-6, TNF-a, SAA, Hp, CRP, and 8-epi-
PGF2a, as previously described [26]. In the statistical
analyses, the samples were retrospectively divided into
seven different periods in relation to parturition of the
first piglet (Oh): A. (—60 to —36h); B. (—36 to —24h);
C. (=24 to —12h); D. (=12 to Oh); E. (0 to 12h); E. (12
to 24h); and G. (24 to 36h p.p.). Based on the clinical
examinations, the sow was diagnosed with PDS (PDS+)
if she fulfilled two out of three criteria: 1) reduced appe-
tite (the trough were not emptied within 30min after
feeding); 2) inflammation of the udder (redness, swelling
and increased skin temperature of the udder); 3) rectal
temperature >39.5°C. Based on the same criteria, the
PDS+ sows were retrospectively matched with sows that
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remained healthy (PDS-) according to Kaiser et al. [26].
Following this criteria, 38 sows were classified as PDS+,
and other 38 sows were selected as PDS- for the study.

ADA analyses

Saliva and serum were analysed for ADA1, ADA2 and
tADA activities using a commercially available, spec-
trophotometric, automated assay (Adenosine Deami-
nase assay kit, Diazyme Laboratories, Poway, CA), based
on the method described by Galanti et al. [48]. In the
analyses of ADA2 and tADA, the measurements were
performed in the presence and absence, respectively, of
erythro-9-(2-hydroxy-3-nonyl) adenine (EHNA), a spe-
cific ADAL1 inhibitor [49] and ADA1 was calculated as the
difference between the two measurements. The method
was adapted to an automated analyzer (Olympus AU400,
Olympus Diagnostica GmbH, Ennis, Ireland) following
the manufacturer’s instruction with some modifications
for its use in porcine saliva [22].

Statistical analyses

Two autoregressive linear regression models (A and B)
were used in the statistical analysis by the PROC MIXED
procedure of Statistic Analytical Software, Enterprise
Guide 7.1 (SAS® Institute, Cary, North Carolina, USA).
Model A: OUTCOME PARAMETER;=p+TIME;+
GROUP;+ TIME*GROUP;; +¢; ~ where = OUTCOME
PARAMETERij indicates ADA1, ADA2, tADA values for
salivary and serum; p was the value of the observations at
time 0; TIME; was the explanatory variable time intervals
(A to G); GROUP; was the explanatory variable “PDS+/
PDS-"; TIME*GROUP; was the interaction between
“PDS+/PDS-" and time intervals (A to G), and g; was
the random residual error term. If significant interac-
tion occurred by the use of model A, differences between
PDS+ and PDS- and differences between the seven dif-
ferent time intervals were accepted. In case of non-signif-
icant interaction, model B was used instead of model A:
OUTCOME PARAMETER;; = u+ TIME,; + GROUP; +¢;;.
The effect was considered non-significant if changes
in TIME; were non-significant. The significance level
was p< 0.05. The sows body condition score and parity
were incorporated as explanatory variables. To improve
normality of residuals plots, natural logarithm trans-
formation was used in the analysis of ADA1 (salivary
and serum), ADA2 (salivary) and tADA (salivary and
serum). The association between the values of ADAI,
ADA2, tADA (salivary and serum) and WBC, neutro-
phils, lymphocytes, TNF-a, IL-6, SAA, CRP, Hp, Fe,
ALB, 8-epi-PGF2a, cortisol (salivary and serum), CgA,
rectal temperature and heart rate was tested by a regres-
sion analysis in the PROC MIXED procedure of Statistic
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Analytical Software, Enterprise Guide 7.1 (SAS® Insti-
tute, Cary, North Carolina, USA).
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ADA: Adenosine deaminase (ADA1 for isoenzyme 1, ADA2 for isoenzyme 2,
and tADA for total activity); ALB: Albumin; CgA: Chromogranin A; CRP: C-reac-
tive protein; EHNA: Erythro-9-(2-hydroxy-3-nonyl) adenine; 8-epi-PGF2a: 8-epi
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and PDS- is healthy sows); SD: Standard deviation; TNF-a: Tumor necrosis fac-
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